When CO 2 is injected in a deep saline aquifer on the scale of tens of millions of tonnes, pressure buildup in the aquifer during injection will be a critical issue. Fracturing, fault activation and leakage of brine along pathways such as abandoned wells occur at various threshold fluid pressures, so operators and regulators will be concerned with pressure elevation at considerable distances from the injection well. Thus a critical contour of overpressure (CoP) is a convenient proxy for risk. The location of this contour varies depending on the target aquifer properties (porosity, permeability etc.) and the geology (presence and conductivity of faults). The CoP location also depends on relative permeability, and we extend the three-region injection model [1,2] to derive analytical expressions for a specific CoP as a function of time. The risk of pressure-induced leakage from the aquifer can therefore be cast in terms of phase mobilities and speeds of saturation fronts. We consider two boundary conditions at the aquifer drainage radius, constant pressure or an infinite aquifer. The model provides a quick tool for estimating pressure profiles. Such tools are valuable for screening and ranking sequestration targets. Because pressure profiles are relatively insensitive to spatial variability in aquifer permeability, a simple model can provide as good an estimate of pressure buildup as a sophisticated simulation that requires much longer to set up and to run. Relative permeability curves measured on samples from seven potential storage formations [3] are used to illustrate the effect on the CoPs. The relative permeability curve with the largest two-phase region mobility (M BL ) gives the smallest pressure buildup, so that a given CoP is nearest to the injector. All else being the same, decreasing the two-phase-region mobility increases the risk associated with pressure elevation during injection. Thus characterizing relative permeability should be included in the implementation of CO 2 storage projects. In the case of a constant pressure boundary, the CoP for small overpressures is time-invariant and independent of relative permeability. This result significantly reduces the uncertainty in predicting risk associated with small overpressures. Depending on the relative values of overall mobilities of two-phase region and of brine region, the risk due to a critical CoP which lies in the twophase region can either increase or decrease with time. In contrast, the risk due to a CoP in the drying region always decreases with time. This analysis helps set limits on the maximum possible radial extent of a desired CoP, thereby providing a basis for establishing an Area of Review (AoR) for the storage project monitoring. The assumption of constant pressure boundaries is optimistic in the sense that CoPs extend the least distance from the injection well. We extend the analytical model to infinite-acting aquifers to get a more widely applicable estimate of risk. An analytical expression for pressure profile is developed by adapting water influx models from traditional reservoir engineering to the "three-region" saturation distribution. For infinite-acting boundary condition, the CoP trends depend on same factors as in the constant pressure case, and also depend upon the rate of change of aquifer boundary pressure with time. Commercial reservoir simulators are used to verify the analytical model for the constant pressure boundary condition. The CoP trends from the analytical solution and simulation results show a good match.
Introduction
A contour of a critical level of overpressure, or CoP, is a convenient parameter for risk quantification due to pressure elevation during injection of CO 2 into a storage formation. The critical level of overpressure is defined as the minimum increment in aquifer pore pressure that would cause a problem, such as mechanical damage to the storage formation, fracturing the seal of the storage formation or displacement of brine into underground sources of drinking water. The "contour" refers to the spatial location of this pressure, as might be drawn on a map view of the storage formation to identify the region at risk. CoPs can be used as screening criteria to select a storage formation, ranking different storage schemes, and regulating or overseeing a storage project. The concept of a pseudo-normalized pressure function is introduced here to develop a single set of reference curves for all reservoir and fluid properties. These reference curves relate the pressure to the pore volume of CO 2 injected for a given set of relative permeability curves.
Locating the CoP requires knowing the pressure field throughout the aquifer during CO 2 injection. We adapt the three-region model [2] for this purpose. This model relates the pressure field to the propagation of the drying and Buckley-Leverett fronts into the formation. The speeds of these fronts depend on the relative permeability characteristics of the rock-fluid system. In this work we illustrate this dependence using seven relative permeability curves measured on samples from the different formations of Alberta Basin [3] .
The pressure field also depends on the boundary condition at edge of the storage formation. The best case in terms of reducing risk is the constant pressure boundary, which is unlikely to be found in a natural system but could be imposed if brine extraction wells are constructed. The usual boundary condition for storage will be the "infinite aquifer". This condition is closely related to the classic reservoir engineering concept of a "water drive reservoir", the situation in which water moves into a producing reservoir, often from the aquifer downdip of the reservoir. Various water influx models can be found in literature [4, 5] . The classical mathematical formulations, which are valid for unsteady state radial flow for an aquifer-reservoir system, can be readily extended to the CO 2 storage application. In the traditional water influx calculation, as oil is produced from the reservoir, the pressure in the reservoir declines with time, and there is water influx from the aquifer into the reservoir. When CO 2 is being injected into the aquifer; the pressure in the storage aquifer increases with time, and there is brine efflux from the storage aquifer into the bounding aquifer. Here we develop analytical models for this situation for constant pressure and infinite-acting far boundary conditions. The model results for constant far-field pressure are compared with the corresponding commercial reservoir simulator results (employing full physics of CO 2 -brine system) to check the accuracy of the model.
Model description and discussion
A CoP is a simple measure of risk, in that the farther the CoP from the injector(s), the greater the chance of formation damage or CO 2 leakage. We develop analytical expressions for CoP from the three-region injectivity model of Burton et al. [2] . For constant rate injection, the positions of the fronts depend only on the volume of CO 2 injected and the relative permeability curves, neither on the injection pressure nor on the boundary pressure. A schematic of the front locations and the locations of several CoP are shown in Figure 1 . A given overpressure can occur in any of the three regions, depending on the injectivity of the formation. Moreover the overpressure can occur in different regions at different times, shown in Fig. 1 when a CoP intersects a front location. Time variation of CoP is studied for all three fluid regions separately. Fluid and rock compressibilities in the storage aquifer are ignored, so that the model provides a conservative estimate of risk. Fluid viscosities are assumed to be constant.
Model for constant pressure boundary condition
The equations derived by Burton et al. [2] provide pressure as a function of position and time. For our purposes, these equations are implicit functions of the locations of overpressure. The form of the function depends upon which region contains the overpressure of interest.
Brine Region
When a value of overpressure is located in the brine region, the CoP is located by. 
Two-phase CO 2 /brine region
A similar expression is developed for overpressure profile in the two-phase gas/brine region.
exp
It is evident from the above expression that the location of CoP in two phase region depends on the frontal locations r dry and r BL which change with time and depend on relative permeability curves. Moreover, the CoP in the two-phase region can moves away from or toward the injection well, depending on the ratio of effective mobility in the two-phase region M BL and the brine mobility M brine . From Figure 1a we can see that for M BL /M brine < 1, the radial extent of CoP and hence the risk of overpressure increases with time (Type 2a CoP trend). On the other hand for M BL /M brine > 1, the radial extent of CoP and hence the risk of overpressure decreases with time (Type 2b CoP trend).
Drying region
Location of CoP in drying region can be determined using the following expression 
Above expression shows that CoP varies with time by r dry and r BL and with relative permeabilities by M BL , r BL and r dry . For a typical reservoir with higher dry region mobility than brine mobility, the risk due to any CoP in drying region always decreases with time, irrespective of relative permeability curves (Type 3 CoP trend in Figure 1a ).
Full physics simulation for constant pressure boundary
Compositional simulations using a commercial reservoir simulator CMG-GEM (General Equation of State model) are performed for constant pressure far boundary condition to verify the preceding analytical solutions. A homogeneous and isotropic radial grid system with logarithmically varying grid size in radial direction was used. A constant rate injector of 10,000 Rbbl/day is placed at the center of the storage aquifer. Peng Robinson equation of state is used to model fluid properties for the CO 2 -H 2 O fluid system. Fluid viscosities are determined using Pederson viscosity correlation. A characteristic set of Viking sandstone relative permeability curves are adjusted to incorporate all 3 flow regions [2] . Constant pressure far boundary condition is approximated by assigning extremely large pore volumes to grid blocks at the boundary of the domain. The storage aquifer formation is assumed to be incompressible. Simulation is performed for 30 years of injection. CoPs are extracted from simulator results at different time steps throughout the injection period.
Model for infinite aquifer at boundary
The method of modelling infinite acting aquifer is an extension of the modelling procedure for constant pressure boundary. In equations (2.1)-(2.3), P el is relative to the boundary pressure (constant and equal to the hydrostatic pressure in the formation). For the infinite-acting boundary, the pressure at the boundary increases with time. Thus the P el would no longer be constant, but would be a function of time. We can thus obtain the solution for the infinite aquifer boundary condition from equations (2.1)-(2.3), if P el is replaced by P el,inf .:
el CoP aq B P r t P r t P P t (2.4) P B is determined from the infinite-acting solution to the radial diffusivity equation, obtained from literature either from Van Everdingen-Hurst [4] or from Carter-Tracy [5] water influx models. Hence, a semi-analytical model is built which combines the infinite-acting solution P B (t) with the three-region model of the aquifer based on fractional flow theory to obtain a complete pressure profile description of the storage aquifer.
A schematic for CoP trends in the three regions for infinite-acting aquifer is shown in Figure 1b . In Figure 1a the Type 1 CoP trend is time-invariant whereas in Figure 1b the Type 1 trend has positive slope. This is because for nfinite-acting boundary condition, P B (t) is a monotonically increasing function of time. If M BL /M brine < 1, then the Type 2a trend is for both boundary conditions, although the magnitude of overpressure and hence radial extent of CoPs are greater in infinite-acting case than that of constant pressure boundary case. On the other hand, if M BL /M brine > 1, then the Type 2b trend cannot be readily generalized. The magnitude of P B (t) affects the trend in a manner that is coupled to the phase mobilities. The Type 3 CoP trend with time cannot be generalized for the same reason.
Pseudo-normalized Pressure Profile in Aquifer
A more powerful way to explain CoP dependence on different rock and fluid properties would be to have a set of 'master curves' which would represent the aquifer pressure profile (for fixed relative permeability characteristics), as a function of the pore volumes of CO 2 injected, irrespective of parameters like q/h, drainage radius r e , absolute permeability of the formation k or porosity ĳ. In an attempt to get the 'master curves' representing the aquifer pressure profile, we define a pseudo-normalized pressure function as shown below: From the above expressions it can be seen that given t D , and for specified relative permeability curves, P pn (r D ,t D ) is independent of the reservoir parameters/ operating conditions.
Model results and discussion
Seven different relative permeability curves are considered for the study. Three cases arise, depending on whether the CoP lies in the brine, the two-phase or the drying region. If CoP lies in brine region it does not depend on relative permeability characteristics. For CoP lying in two phase region the ratio of two phase effective mobility and brine mobility (M BL /M brine ) governs the trend of CoP for different relative permeability curves. This ratio is calculated for all seven different relative permeability curves and plotted in Figure 2 . For CoP lying in drying region, it does not depend on the relative permeability curve, as in a typical deep saline aquifer conditions, the dry region mobility is always higher than the brine mobility.
We illustrate the model using the formation parameters in Table 1 for different storage aquifer boundary conditions. CoPs from semi analytical model (Eqs. 2.1-2.3) and CMG-GEM for constant pressure boundary condition are compared in Figure 4 
Conclusions
Contours of overpressure (CoP) are convenient proxies for risk associated with pressure elevation during CO 2 injection for storage. Simple analytical models for constant pressure and infinite-acting boundary conditions have been developed. They show that relative permeability curves strongly affect the location of CoP as well as its variation with time. For constant pressure far boundary condition, three types of CoP variation with time are observed: time invariant in brine region (Type 1 trend); increase or decrease (Type 2a, Type 2b trends respectively) with time in 2 phase region; and decrease with time (Type 3 trend) in drying region. Thus, the risk associated with overpressures generated during injection is a strong function of CO 2 /brine relative permeabilities. A master curve in terms of pseudo normalized pressure function and pore volume of CO 2 injected can be obtained for a given set of relative permeability curves which does not depend on reservoir fluid and rock properties. For infinite-acting far boundary condition, the evolution of Type 1 and Type 2a CoP with time can be generalized as monotonically increasing with time. On the other hand, the evolution of Type 2b and Type 3 CoP with time cannot be generalized as these trends also depend on the rate of increase of boundary pressure, P B (t), with time (in addition to the factors mentioned for constant pressure boundary condition). The analytical model for constant pressure boundary condition in the aquifer is compared with commercial reservoir simulator CMG-GEM. The match between the results is very good, implying that the simple analytical model is able to capture the full-physics of the CO 2 -brine system from the simulation results. , Pa P el (r,t) = pressure elevation above P B (=P aq ) at any radial distance r at any time t, for constant pressure boundary, m/Lt 2 , Pa P el,inf (r,t) = pressure elevation above P B at any radial distance r at any time t, for infinite-acting boundary, m/Lt 2 , Pa P CoP (r,t) = pressure elevation above P aq at any radial distance r at any time t, for infinite-acting boundary, m/Lt 2 , Pa P pn (r D ,t D ) = pseudo-normalized pressure function at any dimensionless radial distance and at a given pore volumes of CO 2 injected Table 1 -Viking Sandstone relative permeability curves).
